Episodic memory retrieval involves multiple component processes, including those that occur when information is correctly remembered (retrieval success). The present study employed rapid-presentation eventrelated functional MRI that allowed different trial types with short intertrial intervals to be sorted such that the hemodynamic response associated with retrieval success could be extracted. Specifically, in an old/new episodic recognition task, hit trials (correctly recognized old items) and correct rejection trials (correctly rejected new items) were directly compared. The comparison revealed a mostly left-lateralized set of brain regions. Differential activation was most robust in left lateral parietal cortex and medial parietal cortex. Additional regions of differential activation included left anterior prefrontal cortex at or near Brodmann area 10, anterior insula, thalamus, anterior cingulate cortex, frontal cortex along inferior frontal gyrus, premotor cortex, and presupplementary motor area. These results suggest that left frontal and parietal regions modulate activity based on the successful retrieval of information from episodic memory. We discuss these findings in the context of several recent investigations that provide converging results as well as prior studies that have failed to detect these changes.
INTRODUCTION
The dissociation of multiple cognitive processes involved in episodic memory retrieval and the identification of their neural correlates have been central issues in the cognitive neuroscience of human memory (Tulving, 1983; Rugg and Wilding, 2000) . The principal paradigm for dissociating episodic retrieval processes in functional brain imaging studies has been to implement tasks that contrast component processes such as retrieval success (or ecphory) with retrieval effort (or retrieval attempt). Many functional neuroimaging studies have been conducted along these lines to determine the neural correlates of retrieval processes (e.g., Kapur et al., 1995; Nyberg et al., 1995; Rugg et al., 1996; Schacter et al., 1996; Nolde et al., 1998b; Buckner et al., 1998b) . In particular, activity in anterior prefrontal cortex (Brodmann area, BA 10) and dorsolateral prefrontal cortex (BA 9/46) have been highlighted as possible neural correlates of retrieval success (Tulving et al., 1994; Rugg et al., 1996; Buckner et al., 1998a) . Regions of left temporal-parietal cortex have also been implicated in processes associated with retrieval success under certain conditions (Nyberg et al., 1995; Nyberg, 1999) . However, several studies have reported negative results in these regions and other studies have raised important caveats about their interpretation in the context of retrieval success Schacter et al., 1996; Wagner et al., 1998a) . Thus, the identification of the neural correlates of retrieval success has been a controversial issue, despite the fact that almost all of these studies have used similar experimental designs, comparing blocks of trials containing many successfully recognized items to blocks containing few successfully recognized items.
One possible source of this controversy comes from the use of blocked-trial paradigm designs in which hemodynamic responses for different trial types are averaged together. While appropriate for certain kinds of questions, blocked-trial designs do not provide the flexibility to isolate those trials most associated with retrieval success. To circumvent this limitation, investigators interested in retrieval success have manipulated the proportion of correctly remembered items across blocks. This potentially allows subjects to adopt different strategies, thereby making interpretation difficult (Johnson et al., 1997; Wagner et al., 1998a; Buckner et al., 1998b; Rugg and Wilding, 2000) .
Event-related functional MRI (fMRI) has recently enabled the analysis of individual trial types, providing alternative means to investigate the component processes involved in episodic memory retrieval (Buckner et al., 1996a; Konishi et al., 1996; Dale and Buckner, 1997; Kim et al., 1997; Zarahn et al., 1997b; Friston et al., 1998) . These procedures have also been used to explore neural correlates of retrieval success by con-trasting hit trials (HIT; correctly recognized old items) with correct rejection trials (CR; correctly rejected new items) Buckner et al., 1998b; McDermott et al., 1999a) . The benefit of this paradigm is that task processes can nominally be held constant while neural correlates in response to specific items are explored.
However, these prior event-related studies have failed to reveal clear differences in activation between HIT and CR trials. At least two reasons for this failure seem plausible, both of which stem from the use of long intertrial intervals (16 s) to allow near-complete decay of the hemodynamic response; a limitation that has since been overcome Clark et al., 1998) . First, the use of long intertrial intervals provides low statistical power due to the small number of trials obtained (Burock et al., 1998; Friston et al., 1999; Miezin et al., 2000) , either allowing targeted regional analyses (as opposed to whole-brain analyses) or affording low power in detecting responses across the whole-brain. Second, the unusually long trials themselves may encourage processes that overlap with, or interfere with, processing correlates of successful recognition.
One notable exception to the pattern of negative results mentioned above is reported in an event-related fMRI study by Henson et al. (1999a) . Henson and colleagues revealed correlates of successful recognition by examining three types of judgments during an episodic word recognition task based on the "Remember-Know" paradigm of Tulving (1985) . Event-related fMRI procedures were used to separate responses to remember, know, and new judgments. By comparing remember judgments with new judgments, they successfully demonstrated increased hemodynamic responses in left prefrontal and left parietal cortex, among other regions, suggesting specific brain regions that are sensitive to processes associated with retrieval success.
In the present study, brain regions correlated with successful episodic retrieval are further explored. The basic approach and goals of the study are similar to those motivating our previous study and complement those of Henson et al. (1999a) . However, an important difference is that the present study employs rapid trial presentation Clark et al., 1998) . This method significantly increases statistical power and allows an intertrial interval typical of behavioral studies of episodic memory to be employed. Using this procedure, clear correlates of recognition were found. We discuss how these findings and evidence from other recent studies of successful episodic recognition converge to suggest a set of brain regions sensitive to episodic retrieval success (Henson et al., 1999a; Donaldson et al., 2000; Sanders et al., 2000) .
METHODS

Subjects
Fourteen (8 male) right-handed subjects (age range 18 -29; mean 24.1 years) participated and received $25 per hour as payment. The experiments were undertaken only after written consent was obtained from each subject using procedures approved by the institutional review board of the Washington University Human Studies Committee. One subject was excluded from analysis due to excessively poor performance on the recognition test conducted during scanning (see Results).
MRI Procedures
Whole-brain scanning was performed on a 1.5-T Siemens Vision System (Erlanger, Germany). The entire session lasted about 2 h. During the middle portion of this session, an independent experiment, involving a source memory retrieval task, was performed. These data have previously been analyzed and reported in the context of episodic memory encoding in a manner unrelated to the retrieval contrasts explored within the present article .
Scout images were first collected to align the field of view to the center of the subject's brain. Then T1-weighted structural images were acquired (MPRAGE sequence; TR ϭ 9.7 ms, TE ϭ 4 ms, flip angle ϭ 10°, TI ϭ 20 ms, TD ϭ 500 ms). For echo-planar imaging (Kwong et al., 1992; Ogawa et al., 1992) , asymmetric spin echo sequences were used (TR ϭ 2.5 s, T2* evolution time ϭ 50 ms). This sequence was chosen because it has decreased sensitivity to large vessels (Baker et al., 1993) . A TR of 2.5 s has been empirically demonstrated to provide sufficient temporal sampling to extract event-related hemodynamic responses and even to estimate the magnitude of the response with a considerable degree of precision and power . Each functional run consisted of 110 wholebrain acquisitions (16 slices, in-plane resolution 3.75 mm, 8 mm thickness, no skip between slices, interleaved slice acquisition, acquisition aligned to the plane intersecting the anterior and posterior commissures). The first 4 images in each run were excluded from analysis to take into account the equilibrium of longitudinal magnetization.
Behavioral Procedures
Visual stimuli were presented to subjects by projecting the stimulus image generated by Psyscope (Cohen et al., 1993) onto a screen at the back of the magnet bore. Subjects viewed the screen through a mirror attached to the head coil. A magnet-compatible pushbutton based on a fiber-optic switch (attached to a Psyscope button box) was used to record subject performance and reaction times on a computer (Apple Computer, Cupertino, CA).
About 3 min before each of four functional runs, subjects performed an intentional word-encoding task. In each run, 25 words and 8 filler words (4 filler words at the beginning and 4 at the end) were presented for 2.0 s with an intertrial interval of 2.5 s (24-point bold Geneva font, white letters on a black background, all uppercase). Presented word lists were balanced for word length (range 4.68 to 5.16 letters) and word frequency (range 38.68 to 38.96 appearances per million based on Kucera and Francis, 1967) .
After intentional encoding, subjects performed an old/new recognition task for the studied items during functional runs. Three kinds of item (old words, new words, and a fixation cross hair) were presented over 100 intermixed trials. The cross-hair trials consisted simply of passive presentation of a small "ϩ" character. Trial presentation was time-locked to the beginning of each MRI image acquisition (one trial ϭ 2.5 s, word duration 2.0 s). Using procedures described in Buckner et al. (1998c) , sequential order of the three trial types were pseudo-randomly counterbalanced. Word lists were also counterbalanced across subjects, such that new items for one subject were old items for another subject. Subjects were instructed to judge whether the words were old or new by pressing a key with their right hand (index finger for old items and middle finger for new items) as quickly and accurately as possible. There were 50 new, 25 old, and 25 fixation trials in each run, for a total of 200 new, 100 old, and 100 fixation trials in the entire four runs. Each functional run included a fixation period at the beginning for 10 s and at the end for 15 s.
Data Analysis
Functional image runs were first preprocessed. Each volume within each run was corrected for odd/even slice intensity differences and then motion corrected between volumes using a rigid-body rotation and translation correction (Snyder, 1996) . To account for between-slice timing differences (induced by differences in acquisition order), the data were interpolated using sinc interpolation. The linear slope was removed on a voxel-by-voxel basis (Bandettini et al., 1993) . Then, each subject's whole-brain signal intensity was normalized to 1000. Finally, anatomic and functional data for each subject were placed in stereotaxic atlas space (Talairach and Tournoux, 1988 ) using previously described procedures (McDermott et al., 1999b) .
The functional data were sorted by trial type. Specifically, the items during the scanned recognition test were sorted based on whether they were correctly recognized as old items (HIT) or correctly rejected as new items (CR). Miss (old items endorsed as new) and false alarm (FA; new items endorsed as old) trials were also coded but were not analyzed further due to the small numbers of trials contributing to these classes. Procedures for trial sorting have been described previously Buckner et al., 1998c; Wagner et al., 1998b) . The preprocessed images were selectively averaged such that eight mean images (20 s at TR ϭ 2.5 s) were retained for each trial type, as well as the variance for each of the eight images per trial type.
Statistical activation maps contrasting the trial types were constructed using a t statistic. For this analysis, a set of predicted hemodynamic response curves was generated with the onset delay of the hemodynamic response varied. Gamma functions were used as the estimated hemodynamic response (␦ ϭ 2.5 s and ϭ 1.25 s) (Boynton et al., 1996; Dale and Buckner, 1997) , varying the delay parameter by 15 values each at 1-s steps. Statistical activation maps were generated based on the differences between trial types because the raw unsubtracted time courses were dominated by overlap between adjacent trials. Counterbalancing the trial orders, and the fact that subjects responded in a sufficiently random fashion, allowed the direct subtraction of between-trial events to cancel out the between-trial overlap Buckner et al., 1998c) . Peak coordinate locations in the activation maps were generated using a threshold of 19 or more significant voxels above the P Ͻ 0.001 threshold (each voxel 2 mm 3 ). This statistical threshold matches the one used previously (Buckner et al., 1998c) , verified to yield few false positives based on the empirical procedure of Zarahn et al. (1997a) . When significant peaks occurred within 12 mm of one another, the most significant peak location was kept.
To obtain the time course of the hemodynamic response for specific regions of interest, regional analyses were performed using the identified peak locations as seed points. Specifically, all voxels within 12 mm of a peak location that were more significant than P Ͻ 0.001 were included in the region. Mean percentage signal change was computed for each trial type. The mean for the baseline fixation trial was subtracted from each of the other trial types to obtain a mean regional signal change, and the resultant time course was then shifted to a baseline value of zero.
RESULTS
Behavioral Results
Performance on the recognition task during fMRI scans was high: probability of a HIT (pHIT) ϭ 0.77, probability of a false alarm (pFA) ϭ 0.10. Thus corrected recognition rate (pHIT Ϫ pFA) was 0.67 (range 0.47 to 0.92 across the subjects included in the final analysis). One subject showed excessively poor performance (pHIT Ϫ pFA ϭ 0.23) and was excluded from all analyses. Mean reaction times across subjects were HIT ϭ 1033 ms, Miss ϭ 1334 ms, CR ϭ 1129 ms, and FA ϭ 1316 ms, with HIT responses being significantly faster than CR responses based on a paired t test [t(12) ϭ 2.43, P Ͻ 0.05].
fMRI Results
Compared to the low-level fixation trials, many regions were commonly activated in both HIT and CR trials (Fig. 1) . Occipital regions including striate and extrastriate cortex were active in response to the visual demands of the task. Left motor cortex, supplementary motor cortex, and medial cerebellum were active, presumably because of the demand for the subjects to make a button press. Outside these sensory/motor regions, activated regions were also observed in multiple (mostly left-lateralized) areas of the frontal and parietal, basal ganglia, thalamic, and anterior cingulate regions. This activation pattern is similar to that observed in a number of previous episodic retrieval tasks (e.g., Andreasen et al., 1995; Buckner et al., 1995 Buckner et al., , 1996b Buckner et al., , 1998a Petrides et al., 1995; Haxby et al., 1996; Schacter et al., 1997) . MR signal decrease was observed in multiple regions, including medial parietal cortex (posterior cingulate and precuneus regions), lateral parietal cortex, and medial frontal cortex, which are known to be nonspecific to episodic memory tasks (Schulman et al., 1997) . While the precise functional characterization of the regions identified by the contrast of recognition trials to fixation trials provides little insight into specific correlates of retrieval success, the network detected is important for understanding the broad network of areas active during task performance-beyond those that modulate based on retrieval success.
A smaller number of regions showed differential activation for correct recognition of previously studied items (HIT trials) compared to correct rejection of previously nonstudied items (CR trials) (Fig. 2, Table 1 ). Among these regions, the most robust differential activity was found in inferior and superior lateral parietal cortex in the left hemisphere and posterior medial parietal cortex. Additional areas included mostly leftlateralized regions within anterior prefrontal cortex, anterior insular cortex, thalamus, anterior cingulate cortex, dorsal frontal cortex, premotor cortex, and pre- supplementary motor area. One region in left extrastriate cortex (at or near BA 19) demonstrated the opposite pattern, being more active in CR trials compared to HIT trials (x ϭ Ϫ37, y ϭ Ϫ85, z ϭ 6). This decrease in activation level may reflect a repetition priming effect .
The time courses of the BOLD MRI signals were examined for HIT trials and CR trials relative to fixation in a subset of the frontal and parietal regions showing neural correlates of successful recognition (Fig. 3) . Differential activation was observed in each of these regions for HIT vs CR trials, as revealed by larger peak amplitudes in the signal change for HIT trials. Of interest, several distinct patterns accounted for the differential effects between HIT and CR trials. For example, the lateral parietal region in Fig. 3 showed an increased hemodynamic response for both HIT and CR trials, with a much greater increase for the HIT trials. In contrast, the medial parietal region showed a distinctly different pattern. Both HIT and CR trials appeared to have a decreasing signal component that was offset by an additional increase for the HIT trials. The decreasing signal trend in the medial parietal cortex may be explained by the deactivation relative to fixation trials in this region (as shown in Fig. 1) combined with a positive signal change to HIT trials. Thus, unlike the lateral parietal cortex, this medial parietal region may be deactivated by the task (in other words, more active during fixation) but nonetheless modulated to induce a signal increase during HIT trials relative to CR trials.
A final regional analysis was performed to determine whether the correlates of successful recognition were anatomically selective, providing a set of control regions. In this time course analysis, the seed locations for the regions were selected based on HIT and CR trials vs Fixation. Two regions were selected: a region at or near primary motor cortex and a region in early visual cortex. The hemodynamic response for HIT and CR trials was separately examined in each of these two regions as displayed in Fig. 4 . As can be seen, minimal differences were found between the two trial types, consistent with the activation maps in Fig. 2 . This suggests that the differential activation in the premotor cortex would not be due to motor demand associated with fixed use of fingers in response to old and new items. Moreover, the absence of differential effects between trial types in these regions suggests that the correlates of episodic retrieval success identified above are anatomically selective. Fig. 3 except that displayed regions are visual cortex (x, y, z ϭ Ϫ24, Ϫ80, Ϫ20) and motor cortex (x, y, z ϭ Ϫ40, Ϫ16, 44), serving as control regions. Minimal differences between HIT and CR trials were noted in these regions, suggesting that the effects observed in Figs. 2 and 3 are anatomically selective.
FIG. 4. Similar to
DISCUSSION
Processes associated with successful recovery of information from episodic memory were explored in the present study by directly comparing HIT trials with CR trials in an episodic recognition task. Greater activation for HIT trials was observed in a network of brain regions including lateral and medial parietal cortex, anterior prefrontal cortex, and frontal cortex near premotor regions (see Table 1 for a complete listing). It is important to note that there might exist other success-related regions that fMRI cannot detect due to signal loss in regions of susceptibility artifact (for example, see Duzel et al., 1999) . The present results converge with other recent fMRI studies to suggest brain regions participating in processes associated with successful episodic memory retrieval (Henson et al., 1999a; Donaldson et al., 2000; Sanders et al., 2000) .
The most prominent differential activations between HIT and CR trials were observed in left lateral parietal cortex (peak atlas coordinate locations of Ϫ39, Ϫ55, 36) and medial parietal cortex (Ϫ7, Ϫ73, 34 and 9, Ϫ71, 42). Both activation maps (Fig. 2) and time-course analysis (Fig. 3) supported a role for these regions in episodic retrieval success. Similar regions were also robustly activated in a recent study by Henson and colleagues (1999a; peak atlas coordinate locations of Ϫ33, Ϫ60, 45/Ϫ51, Ϫ45, 39 and Ϫ6, Ϫ75, 42 for the lateral and medial parietal regions, respectively). In their study, a Remember-Know paradigm was employed, allowing trials with the strongest recollective experience (remember trials) to be contrasted with those providing weaker (know trials) or no recollective experience (new trials). Of particular interest was the finding that a lateral parietal region, at or near the locations discussed above, tracked the quality of the recollective experience, being greater in Remember compared to Know judgments (peak locations at Ϫ42, Ϫ72, 39 and Ϫ57, Ϫ51, 39; see Henson et al., 1999a; Fig. 3) .
Additional converging data which suggest that parietal regions are modulated by retrieval success were supplied by a recent meta-analysis of five separate PET studies by Habib and Lepage (1999) . These data include those from Nyberg et al. (1995) discussed in the Introduction. In their meta-analysis, 16 different recognition conditions (across 58 subjects) were compared. The relevant contrast compared blocks of trials with greater versus lesser proportions of HIT trials. A network of brain areas was more active for those conditions containing more HIT trials, including left lateral parietal cortex (Ϫ36, Ϫ58, 32) and posterior medial parietal cortex (6, Ϫ76, 32) .
Taken collectively, these results suggest that specific parietal regions, among others, are reliably correlated with retrieval success and perhaps even the degree of ecphoric processes associated with success. Moreover, at least one study (Henson et al., 1999b) has shown that activity within the lateral parietal region can be modulated by how retrieved information is specifically used during a task (see also Nolde et al., 1998a , for a similar example in the context of frontal regions). The finding that activity modulation depends on the prior history of an item (whether it is old or new) and the specific nature of the episodic retrieval task suggests the important need for further study of stimulus-bytask interactions. It would seem entirely possible (and theoretically reasonable) that correlates of retrieval success would be most robust under those task conditions that promote high levels of retrieval mode and retrieval monitoring processes.
Interestingly, several prior studies attempting to isolate neural correlates of retrieval success have failed to emphasize activation of these parietal regions. While there are difficulties associated with interpreting prior reports post hoc, it is nonetheless worthwhile noting that these parietal regions may have been present in earlier studies more often than was initially emphasized. For example, a meta-analysis of three of the earliest PET studies of episodic retrieval shows hints of differential activation in parietal regions related to retrieval success (Buckner et al., 1995) . In Fig. 2 of Buckner et al. (1995) , which compared conditions containing successful episodic recovery (RECALL) to those lacking episodic recovery (BASELINE), activation in medial and lateral parietal regions can be observed. As another example, the event-related fMRI study of Buckner et al. (1998a) did not target for analysis either of these parietal regions. When the threshold is dropped slightly below that used in the paper for exploratory whole-brain analysis, the parietal activation is detected (R. L. Buckner, unpublished observations). Thus, the present data suggest that the focus of some earlier studies may have missed important contributions of certain brain regions in parietal cortex to episodic retrieval.
It is also important to further note that one factor could potentially complicate interpretation of differential activation changes between HIT and CR trials. While it is reasonable to assume that processes associated with retrieval success are maximally contrasted when comparing HIT and CR trials, it is not reasonable to assume that other processes are held totally constant. For example, retrieval effort varied between trial types, and this may significantly influence results (e.g., Nolde et al., 1998a) . Behavioral results indicated that mean response times to the CR trials were significantly longer than response times to the HIT trials, suggesting that retrieval effort was more demanding in the CR trials. However, the main activations of interest followed the pattern of being more active in HIT compared to CR trials and therefore would likely be influenced in the opposite direction, should the reaction time difference matter (although it is possible that a "deactivation" could be less deactivated for the easier trials, yielding the present results). Furthermore, in a subsequent study (Sanders et al., 2000) , reaction times were carefully matched by varying the manner in which stimuli were encoded, and similar activation patterns were obtained.
The convergence of recent studies regarding the parietal contribution to retrieval success presented above contrasts with previous controversial results regarding prefrontal regions. Prior studies have reported consistent activation in anterior prefrontal cortex (at or near BA 10) and dorsolateral prefrontal cortex (BA 9/46) of the right hemisphere, among other regions, during episodic retrieval (Squire et al., 1992; Tulving et al., 1994; Buckner et al., 1995 Buckner et al., , 1996b Haxby et al., 1996 ; for reviews see Buckner, 1996; Fletcher et al., 1997; Desgranges et al., 1998) . However, their role in specific episodic retrieval processes has remained elusive Nyberg et al., 1995; Rugg et al., 1996; Schacter et al., 1996; Nolde et al., 1998b; Buckner et al., 1998a,b; Wagner et al., 1998a; Henson et al., 1999b) . Of particular interest are anterior prefrontal regions (near BA 10) that have often been reported in the neuroimaging literatures on episodic retrieval.
In the present study, anterior frontal cortex, particularly on the left, showed significant differential activation for HIT compared to CR trials. Prior eventrelated studies Henson et al., 1999a) have failed to detect similar significant differences in right-lateralized anterior prefrontal cortex even during targeted analyses. In addition, in the prior study of Buckner et al. (1998b) , significant activation was present not only in HIT trials but also in CR trials (relative to fixation). A possible explanation for these discrepant results would be that the earlier studies employed relatively long intertrial intervals (16 and 8 s, respectively). The anterior prefrontal areas are known to show late onset and sustained duration for signal changes in such paradigms Buckner et al., 1998b) , suggesting that these areas may participate in postretrieval monitoring processes (Rugg et al., 1996; Schacter et al., 1997; Buckner et al., 1998a) . It is also known that other kinds of task demands such as semantic monitoring (MacLeod et al., 1998) and working memory (Braver et al., 2000) activate these regions. Thus, it is possible that more general monitoring processes interacted with the unusually long intertrial intervals, making it difficult to differentiate MR signals in CR trials from those in HIT trials. The short intertrial interval in the present study (2.5 s), on the other hand, could have circumvented this problem. A second possibility is that these prefrontal regions simply do not generalize across all situations that involve successful recovery of episodic events. Further work is clearly needed to resolve this issue.
The left lateralization of differential activation is surprising in light of recent emphasis on right-lateralized activation in retrieval tasks (Tulving et al., 1994) . It seems likely that the left-lateralization relates to the use of verbal materials. The modulation of left-lateralized regions in relation to successful recovery of verbal episodic information may be derived from more general brain pathways used to process verbal codes. On the other hand, Habib and Lepage's (1999) meta-analysis included an episodic retrieval study using picture stimuli. This study showed the same effect as those using word stimuli, suggesting that the left lateralization may not be dependent on the use of purely verbal stimuli. Future studies will be required to explore the extent to which these correlates of successful episodic retrieval are material dependent.
In summary, the present study suggests correlates of episodic retrieval success in a network of brain regions including prominent activation of left lateral and medial parietal cortex, as well as specific regions of left frontal cortex. These results converge with at least three other recent event-related fMRI studies of episodic retrieval success (Henson et al., 1999a; Sanders et al., 2000; Donaldson et al., 2000) and a meta-analysis of PET data (Habib and Lepage, 1999) . While the full interpretation of these findings remains a question for the future, it is intriguing that specific regions of cortex consistently correlate with the phenomenological experience of remembering the past.
